We report measurements of current-induced torques in heterostructures of Permalloy (Py) with TaTe 2 , a transition-metal dichalcogenide (TMD) material possessing low crystal symmetry, and observe a torque component with Dresselhaus symmetry.
Current-induced spin-orbit torques are a promising method for efficiently manipulating magnetic devices. 1 Understanding the mechanisms by which the directions of these torques can be manipulated, for example by using crystal symmetries, is important for optimizing them for applications. To date, all observations of spin-orbit torques from centrosymmetric materials -generated through either spin Hall, 2,3 Rashba-Edelstein, 4,5 topological spinmomentum locking, 6, 7 or other spin-orbit effects 8,9 -can be described as corresponding to a Rashba-like symmetry (Fig. 1a) . That is, the generated field or spin is perpendicular to the applied current and lies within the sample plane. Torques corresponding to a more general spin symmetry have been observed only in non-centrosymmetric systems, such as torques resulting from the out-of-plane spins in WTe 2 , 10,11 or torques corresponding to a Dresselhauslike spin polarization (Fig. 1b ) observed in GaMnAs, 12, 13 GaAs/Fe heterostructures 14, 15 and
NiMnSb
. 16 Here, we analyze current-induced torques in heterostructures of Permalloy (Py = Ni 81 Fe 19 ) with the low-symmetry material TaTe 2 , a centrosymmetric transition-metal dichalcogenide (TMD). To our surprise, the heterostructures exhibit a component of fieldlike torque for which the dependence on the angle of applied current relative to the crystalline axes reflects a Dresselhaus symmetry, despite the fact that TaTe 2 is inversion symmetric.
We suggest that in TaTe 2 /Py this torque does not originate from a spin-orbit mechanism.
Instead, it likely arises from resistance anisotropy within the plane of the TaTe 2 layers, which in TaTe 2 /Py heterostructures can cause current flow non-collinear with the applied electric field, leading to an Oersted field that mimics a Dresselhaus symmetry. This effect will modify the form of current-induced torques produced by any low-symmetry source material, and might be used beneficially to engineer the direction of the Oersted torque to assist switching in memory devices.
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The transverse current flows we analyze will not occur in wires made from a single layer of a uniform material having a resistance anisotropy. In that case, in order to satisfy the boundary condition that there be zero transverse current at the edge of the wire, a transverse voltage will be generated to cancel any transverse component of applied current, and the Oersted field generated by the applied current will not possess any unusual symmetry.
However, if one adds one or more layers with a different resistivity, the additional layers will provide a return path to allow a spatially non-uniform loop of transverse current. This is a common situation in samples incorporating low-symmetry 2D crystalline materials including many TMDs. These spatially non-uniform current flows therefore have the potential to influence many types of experiments involving heterostructures of 2D materials.
Results
TaTe 2 at room temperature has a monoclinic (1T') crystal structure with a centrosymmetric space group C2/m (# 12). 18, 19 When integrated into a heterostructure with Py, only a single structural symmetry remains: a mirror plane perpendicular to the TMD layers. In TaTe 2 , this mirror is within the a-c plane (Fig. 1c) . The low-symmetry crystal structure of TaTe 2 is clearly visible in the cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of one of our devices (Fig. 1d) .
We characterize the angle φ I−ac between the direction of the applied current and the mirror plane of the TMD in the finished devices by measurements of a magnetic easy axis in the Py induced by interaction with the TMD, 10, 11, 20 in combination with polarized Raman spectroscopy and HAADF-STEM imaging (see Supporting Information). The Py equilibrium magnetization direction,m, lies within the sample plane. As depicted in Fig. 1e , when a current is applied to a TMD/Py heterostructure a current-induced torque acts on the magnetic moment. To measure the current-induced torques in our samples, we use two complementary measurement methods, a harmonic Hall technique, 11, 21, 22 and spin-torque ferromagnetic resonance (ST-FMR), 2, 6, 10 with all measurements made at room temperature.
Both types of measurements gave consistent results. The harmonic Hall measurements are detailed in the Supporting Information.
In the ST-FMR measurements, an in-plane RF current (7) (8) (9) (10) (11) (12) GHz) is applied to the In all other layers, the trimerization associated with the low-symmetry room-temperature TaTe 2 crystal structure is clearly visible. (Inset) a HAADF-STEM image of the same device with higher magnification, clearly showing the low-symmetry structure.
(e) Schematic of the TaTe 2 /Permalloy sample geometry. The x-axis is defined to be parallel to the applied electric field and the z-axis is perpendicular to the sample plane. (f) ST-FMR resonances for a TaTe 2 (19.7 nm) / Py (6 nm) device (Device 1) with the magnetization oriented at 40
• and -40
• degrees with respect to the current direction. The applied magnetic field, B, is normalized by the resonance field, B 0 , to account for a small shift in the resonance due to an in-plane uniaxial anisotropy in the Permalloy. The applied microwave power is 2 dBm at a frequency of 9 GHz. sample which generates torques on the ferromagnet in phase with the current (Fig. 1e ). An in-plane magnetic field is applied at an angle of φ relative to the applied current, and the magnitude of this field is swept through the ferromagnetic resonance condition. We measure a DC voltage arising from mixing between the RF current and resistance oscillations resulting from magnetization precession together with the anisotropic magnetoresistance (AMR) of respectively. The applied microwave power is 2 dBm at a frequency of 9 GHz. Device 1 is TaTe 2 (19.7 nm) / Py (6 nm) and Device 2 is TaTe 2 (8.8 nm) / Py (6 nm). The value of φ I−ac , the angle between the current and TaTe 2 a-c mirror plane, is 29
• in panel (a) and -57
• in panel (b). (c) and (d) depict a positive and negative φ I−ac angle, respectively, corresponding to Devices 1 and 2, and φ is depicted as positive for both (c) and (d).
the Py (Fig. 1f) . This mixing voltage, V mix , can be fitted as a function of magnetic field as a sum of symmetric and antisymmetric Lorentzians, where the amplitudes of these resonances (V S and V A ) allow independent measurements of the in-plane ( τ ) and out-of-plane ( τ ⊥ ) spin-orbit torques respectively: 2,10
Here R is the device resistance, dR/dφ is due to the AMR in the Py, µ 0 M ef f is the out-ofplane demagnetization field, B 0 is the resonance field, I RF is the microwave current in the heterostructure, α G is the Gilbert damping coefficient, and the equilibrium magnetization is saturated along the applied field direction.
The magnitude of torques with a conventional Rashba-like symmetry, τ ∝m × (m ×ŷ) and τ ⊥ ∝m ×ŷ for current in thex direction, are proportional to cos(φ). Therefore, in the presence of only Rashba-like torques the magnitude of V mix is unchanged upon the operation φ → −φ but the sign is reversed (as dR/dφ ∝ sin(2φ) in Eqs. 1 and 2). 
where the sin(2φ) dependence comes from the AMR (dR/dφ) in Eq. 2, and both A and C might depend on φ I−ac . We extract a value of C/A = −0.69 ± 0.01 for Device 1, in which φ I−ac is positive. In Fig. 2b we show V A (φ) for TaTe 2 /Py Device 2, in which φ I−ac is negative.
Positive and negative values of φ I−ac are as defined in Fig. 2c and d respectively. In Device 2 the sign of the φ → −φ symmetry breaking is opposite that in Device 1, corresponding to an opposite sign C/A = 0.38 ± 0.01. This is consistent with the expectation that in a Dresselhaus-like symmetry the component of spin or field along the current direction changes sign across the mirror plane (Fig. 1b) . We note that the observation of a torque ∝m ×x is distinct from our previously-published work on WTe 2 /Py, Details for each device are given in the Supporting Information.
To obtain a more quantitative estimate for the strength of the Dresselhaus-like torques, we take into account that a Dresselhaus torque does not point exclusively in the direction τ ⊥ ∝m ×x, but depending on the value of φ I−ac it can also have a component in the 
where R is the component of cos(φ) torques arising from a Rashba-like symmetry, and D 
Discussion
We now turn to consideration of the microscopic mechanism that generates current-induced torques with Dresselhaus-like symmetry in our system. TaTe 2 cannot generate a torque with a Dresselhaus symmetry through the mechanism present in GaMnAs 12,13 and NiMnSb 16 (a bulk inverse spin Galvanic effect), since inversion symmetry is intact in the TaTe 2 bulk.
An interfacial spin-orbit-torque mechanism is symmetry-allowed, but this would imply a dependence on the TaTe 2 thickness that is inconsistent with our measurements (see Sup-porting Information). In fact, the measured thickness dependence of the Dresselhaus-like term tracks that of the conventional Rashba-symmetry field-like torque (see Supporting Information), suggesting that both arise from a current-generated Oersted field (see Supporting Information). Furthermore, preliminary first-principles modeling of interfacial spin-orbit torques via a "hidden spin-polarization" mechanism [24] [25] [26] (where symmetry mandates that any current-induced spin-polarization on one Te surface must be equal but opposite to the spin-polarization on the opposing Te surface within a single TaTe We suggest, instead of a spin-orbit-torque mechanism, that the Dresselhaus-like torque arises from in-plane resistivity anisotropy within the TMD. TaTe 2 , along with other low symmetry TMDs such as WTe 2 and 1T'-MoTe 2 , exhibits significant resistance anisotropy.
We show the extracted resistivity of TaTe 2 from our devices as a function of |φ I−ac | in Fig 4a (where we have removed contributions from the Py layer and contact resistance as outlined in the Supporting Information). The extracted in-plane resistivity anisotropy is 2.6±0.6.
When an electric potential is applied away from one of the principal axes in a material with anisotropic resistivity, the electric field and the current are no longer collinear, i.e. for a potential along the sample bar the generated current may be tilted. In a bar consisting of just one material, say TaTe 2 , the boundary conditions force the transverse current at the edges of the bar to be zero. However, in a heterostructure with Py, the transverse component of current in the TMD will turn into the Py to establish a return current flowing in the reverse transverse direction and result in a circulating transverse current loop. The By taking the ratio of the integrated total current within the TaTe 2 layer going in the y-direction (along the width of the bar) to that in the x-direction (along the length of the bar) we can estimate a value of C/A due to the Oersted field generated by tilted currents.
The result has the same dependence on φ I−ac as measured for the TaTe 2 /Py heterostructures and the correct overall sign of C/A vs. φ I−ac for TaTe 2 /Py. For an anisotropy ratio of 2.6 we estimate a ratio of C/A ∼ 0.32, within a factor of 2 of the result found in experiment. The quantitative difference might be explained by an underestimate of the resistivity anisotropy in the TaTe 2 or by spatial non-uniformity in the resistivity of the Py layer as a function of thickness. In the HAADF-STEM imaging (Fig. 1d) we observe some intermixing at the TaTe 
Conclusions
In summary, we have measured current-induced torques with Dresselhaus-like symmetry in both TaTe 2 /Py and WTe 2 /Py heterostructures. We explain this torque component not by a direct spin-orbit-torque mechanism, but rather as due to the Oersted field generated by a component of current transverse to the applied voltage. The transverse current arises from inplane resistivity anisotropy of TaTe 2 and WTe 2 that generates spatially non-uniform current flows within the heterostructures. This interesting effect will be present quite generally in heterostructures containing low-symmetry materials with in-plane resistivity anisotropy. It must be taken into account when analyzing the angular dependence of spin-orbit torques in these systems, and when engineering low-symmetry materials to produce spin-orbit torques.
It will also affect all other types of transport measurements on heterostructures containing 2D materials with resistance anisotropy whenever the applied voltage is not aligned with a symmetry axis.
Methods
Sample Fabrication: To fabricate our samples we exfoliate TaTe 2 from bulk crystals (supplied by HQ graphene) onto high resistivity silicon / silicon oxide wafers using the scotch tape method, where the final step of exfoliation is carried out in the load lock of our sputtering system under high vacuum (< 10 −6 torr). Without breaking vacuum, we then deposit 6 nm of the ferromagnet permalloy (Py = Ni 81 Fe 19 ) by grazing angle sputtering to minimize damage to the TaTe 2 surface (Fig. 1d ) in an Ar pressure of 4 mtorr. We use a deposition rate below 0.2 angstroms/second, with the substrate rotating at greater than 10 revolutions per minute. To prevent oxidation of the ferromagnet we cap the heterostructure with 2 nm of Al, which is oxidized upon exposure to atmosphere. Flakes for further processing are selected ex situ using optical and atomic force microscopy. All devices are positioned so that the active region is atomically flat, with an RMS surface roughness below 300 pm and no monolayer steps. The devices are patterned using e-beam lithography into either a microwave-frequency-compatible ground-signal-ground geometry for resonant mea- 
Supporting Information 1 Second harmonic Hall measurements
Hall bars are fabricated using the same process as our ST-FMR devices, and have a length and width as specified in Table S1 ; Figure S1 shows the first harmonic Hall signal as a function of applied magnetic field angle, φ, and is fit using the equation:
where I 0 is the current applied to the Hall bar, R P HE is the planar Hall resistance and φ M is the angle of the magnetization with respect to the current direction. In the limit where H is related to the out-of-plane (τ ⊥ ) and in-plane (τ ) components of the currentgenerated spin-orbit torques by:
where R P HE is the planar Hall resistance, R AHE is the anomalous Hall resistance, µ o M eff is the effective magnetization field, and γ is the gyromagnetic ratio. In high symmetry systems the spin-orbit torques have a purely Rashba-like spin-symmetry with an out-of- our Hall bar as a sum of Rashba-like and Dresselhaus-like components:
we can accurately capture the φ → −φ symmetry breaking in the observed V 2f H .
To fit the second harmonic Hall data, one must also consider the effects of magnetothermal voltages. 22 For an in-plane magnetization, thermal contributions to the second harmonic Hall voltage are dominated by the planar Nernst effect arising from an out-of-plane thermal gradient, which adds a term proportional to cos(φ) to V 2f H . In the limit of µ 0 M eff B, B A , the second harmonic Hall voltage arising from τ also has an overall angular dependence of cos(φ) if τ has only a Rashba-like contribution. We therefore combine the terms proportional to cos(φ) into one fit parameter to yield a total fit function of: where A is proportional to the out-of-plane torques with a cos(φ m ) dependence,
and C is proportional to the out-of-plane torques with a sin(φ m ) dependence,
N is a combination of an in-plane antidamping torque and the planar Nernst contributions. • and −90
• , respectively. The magnitude of the magnetic easy axis, B A , can also be directly extracted from the fit. The applied microwave frequency is 9 GHz with applied powers of 2 dBm and 5 dBm respectively.
Cross-sectional HAADF-STEM
For electron microscopy measurements, we prepare a thin cross-sectional lamella from the active area of Devices 7 and 11 using the focused ion beam (FIB) lift-out technique. Imaging is performed perpendicular to the current direction of the sample. Aberration-corrected highangle annular dark-field (HAADF) STEM is performed in an FEI Titan Themis operating at 300 kV. The convergence semi-angle is 21.4 mrad, and the inner collection angle for HAADF is 68 mrad. The probe current is 50-60 pA. To overcome drift and scan noise, we collect stacks of 30 images taken with 1 µs/pixel dwell time and align and average them using rigid registration. Despite the high voltage, we do not observe knock-on damage between frames or during imaging. magnitude. The angular dependence of B 0 can be described by:
where B Kittel is the resonance field without any in-plane anisotropy and φ EA is the angle of the easy-axis with respect to the current direction. Figure S3 shows the magnetic field at ferromagnetic resonance as a function of the in-plane magnetization angle for Devices 7 and 11. The data from both samples indicate the presence of a uniaxial magnetic anisotropy within the sample plane, at angles of 83 and 0 degrees from the current direction and correspond to φ I−ac values of −7
• and −90 • , respectively. Table S1 shows the magnitude of B A and φ I−ac = φ EA − 90
• for all devices.
In our Hall bar devices, measurements of the first harmonic Hall voltage (described in Supporting Information Section 1) can be used to determine the magnitude and direction of the induced easy-axis in the Permalloy film. The Hall voltage is given by V H = I 0 R P HE sin(2φ M ), where I 0 is the current applied to the Hall bar, R P HE is the planar Hall resistance and φ M is the angle of the magnetization with respect to the current direction. In the limit where
The first harmonic Hall measurement is used to determine I 0 R P HE , B A , and φ EA . Figure S1 shows the first harmonic Hall voltage for Device 16.
We find that TaTe 2 and WTe 2 both induce a magnetic easy axis in the adjacent Py, but in opposite directions with respect to their respective crystallographic mirror plane direction. 
Determination of TaTe 2 crystal axes
As noted in the previous section, similar to WTe 2 /Py bilayers, TaTe 2 induces a magnetic easy axis in the adjacent Permalloy layer. We use this easy axis to determine the angle between the current direction and the TaTe 2 crystal axes. For TaTe 2 /Py, we found that the alignment of the magnetic easy axis is along the b-axis of the TaTe excitation and a co-linear polarizer placed in front of the spectrometer entrance slit. The sample is positioned such that the excitation electric field is in the sample plane with a normal angle of incidence.
No previous measurements of a polarization-dependent Raman spectrum in TaTe 2 have been reported to our knowledge, but the symmetry of the polarization dependence of the modes are required to be the same as the room temperature monoclinic phase in 1T'-MoTe 2 (space group # 11), which has been studied in detail. [27] [28] [29] [30] This is because the polarization dependence of the Raman signal is governed by the point group (2/m) which is the same for both TaTe 2 and 1T'-MoTe 2 . Raman spectra are shown for two samples (Devices 7 and 11) in the Fig. S4 . We have verified by cross-sectional HAADF-STEM imaging in both of these devices (Fig. S5 ) that the ∼ 80 cm −1 parallel-polarized Raman mode in TaTe 2 is maximized along the crystallographic a-c mirror plane and minimized along the b-axis. For each of these devices, the measured magnetic easy-axis corresponds to the TaTe 2 b-axis (Fig. S3) .
The values of φ I−ac as measured by Raman (φ Raman I−ac → −φ Raman ) are reported in Table S1 for 15 of our devices. For 12 of these devices the induced magnetic easy axis lies within 20 the discrepancy may be explained by mild damage that occurred to the device between the electronic measurements and Raman characterization.
In-plane torques in TaTe 2 /Py bilayers
In the main text we focused on the out-of-plane torques in TaTe 2 /Py bilayers. Here, we will comment on the in-plane torques present in our samples as measured by ST-FMR.
The symmetric component of the Lorentzian fit of the mixing voltage is proportional to the in-plane torques in the bilayers. We observe a small but non-zero torque component with an angular dependence proportional to cos(φ) in our samples, corresponding to a torque ∝m × (m ×ŷ), which we call τ S . The angular dependence of the in-plane torques is shown for two different devices in Fig. S6a and b , and the ratio of this torque to τ A is reported
in Table S1 for all devices measured. The relatively small size of the measured symmetric signals (blue) is evident when plotted with the corresponding antisymmetric signals (red) on the same scale ( Fig. S6c and d) . In some of our samples, we also observe a very small in-plane torque ∝m ×ẑ, which we call τ T . We therefore fit the dependence of the applied magnetic field angle for the symmetric component of the ST-FMR mixing voltage, V S , as a sum of these two torques:
The torque τ T is allowed by the symmetry of the TaTe 2 crystal, however, this small component of torque is inconsistent across our devices, and does not show the expected dependence across the a-c mirror plane, i.e. it does not always change sign for positive and negative φ I−ac as expected by symmetry. We therefore do not report it as a torque ubiquitous to the TaTe 
Model for C/A
In the main text we have modeled the φ I−ac dependence of the torques proportional tom ×x as arising solely from a Dresselhaus symmetry and the torques proportional tom ×ŷ as a sum of Rashba and Dresselhaus symmetry contributions:
where R is the component of cos(φ) torques arising from a Rashba symmetry, and D for Dresselhaus, which can generate both cos(φ) and sin(φ) dependent torques. The fit equation used to extract a ratio of D/R from the plot of C/A as a function of φ I−ac in Fig. 3 of the main text is:
where the sign of D/R sets the relative orientation of the field directions in the Dresselhaus and Rashba symmetries and the ± in the denominator sets the overall orientation. Our dependence for the applied magnetic field angle, φ, of:
where A represents torques ∝m ×ŷ, B represents torques ∝m × (m ×ẑ) and C represents torques ∝m ×x. Figure S7a shows data from a WTe 2 /Py device with the voltage applied 32
• from the b-c mirror plane, along with fits with and without the C parameter. Table S2 shows the values of C/A extracted from the fits from the devices from our previous study, 10, 11 as well as the values of B/A determined with and without including the parameter C in the fits. As can be seen from these data, torques with Dresselhaus symmetry are clearly distinguishable when the current is applied away from a high-symmetry crystal axis, and our previous observations of the out-of-plane antidamping torque in WTe 2 /Py bilayers are not affect by the inclusion of this extra term. [ 10, 11] , but with the addition of a Dresselhaus torque component to the fit for the out-of-plane torques. We find a small but nonzero value for the ratio C/A for samples in which φ I−bc is sufficiently different from 0 • or ±90
• . We also show that the inclusion of the Dresselhaus-like torque ∝m ×x does not affect our previously reported values for the out-of-plane antidamping torque component because the ratio B/A is unchanged within measurement uncertainty. We model the dependence of C/A using Eq. S4, and extract a value of D/R = −0.13 ± 0.02.
We note that for our WTe 2 /Py samples, we do not have sufficient resolution to accurately determine the sign in the denominator of Eq. S4, with both giving the same ratio of D/R within the fit error and with comparable residuals (+, red curve; −, black curve). Since we know from our previous work 10, 11, 23 that the Rashba component of the out-of-plane torque is dominated by the Oersted field, we suggest that the sign in the denominator should be positive.
Using the two-point sheet resistance of our WTe 2 /Py devices, we have extracted an inplane resistivity anisotropy of ∼2 in WTe 2 , with the a-axis being less resistive. We find a value of ρ a−axis = 530 ± 140 µΩcm and a value of ρ b−axis = 1160 ± 100 µΩcm averaged across Table S2 . The applied microwave power is 2 dBm at a frequency of 9 GHz. The angle from the current to the mirror plane is 32 o . (b) Ratio of torques ∝m ×x to the torques ∝m ×ŷ, C/A, as a function of the angle between the applied current and the WTe 2 b-c mirror plane for devices studied by ST-FMR (blue circles). Fits as discussed in Supporting Information Section 7 devices that have been exfoliated in nitrogen and vacuum. We note that this difference in surface treatment may affect the absolute values of the resistivities, but it would be surprising if it affected the sign of the anisotropy. The resistivity anisotropy for WTe 2 found here is consistent with both TaTe 2 and 1T'-MoTe 2 31 in that the metal-atom chain is the low resistance axis for all of these materials. This implies that qualitatively the torques with Dresselhaus symmetry in WTe 2 /Py heterostructures can be described by the tilted currents induced through the resistivity anisotropy.
8 Thickness dependence of the torques in TaTe 2 A torque conductivity is defined as the angular momentum absorbed by the magnet per second per unit interface area per unit electric field. It provides a measure of the torques produced in a spin source/ferromagnet bilayer independent of geometric factors. For a torque τ K (where K = A or C) we calculate the corresponding torque conductivity as: where M S is the saturation magnetization, E is the electric field, l and w are the length and width of the TaTe 2 /Permalloy bilayer, Z is the measured RF device impedance, I RF is the RF current flowing in the device and t magnet is the thickness of the Permalloy. We approximate µ 0 M S ≈ µ 0 M ef f = 0.83 T, as extracted from fits to the frequency dependence of the ST-FMR resonance field. Values of τ K are extracted from Eqs. 1 and 2 of the main text as described in Ref. 10 . I RF and Z are determined by measurements of the RF device and circuit parameters S11 and S21 with a vector network analyzer.
Here we report the thickness dependence of torque conductivities σ A and σ C for 5 devices
±10
• within |φ I−ac | = 65
• where all selected devices also have the same aspect ratio of 4 × 3 µm. In Fig. S8a we plot 1/R for these 5 devices as a function of TaTe 2 thickness, where R = wR/l is the sheet resistance as determined from the two point resistance of the device, R, with width w and length l. The fit function is given by:
where t mag is the thickness of the Py, ρ residual is the residual resistivity at t TMD = 0 and includes the Py resistance and device contact resistance, and ρ TMD is the resistivity of Instead, σ C mimics the thickness dependence of σ A , and increases dramatically in the 5 to 10 nm regime.
